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Abstract

Background: In developing countries, children with hemophilia A (HA) with high-titer
inhibitor and poor immune tolerance induction (ITI) prognostic risk(s) cannot afford
the recommended high- or intermediate-dose ITI.

Objectives: To determine the efficacy of low-dose ITI (plasma-derived factor VIII
[FVI]/von Willebrand factor at 50 FVIII IU/kg every other day) by itself (ITl-alone)
or combined with immunosuppressants rituximab and prednisone (ITI-IS) in children
with HA with high-titer inhibitor.

Methods: All enrolled patients had pre-ITl inhibitor 210 BU. We used ITl-alone if in-
hibitor titer was <40 BU pre-ITl and during ITI, and ITI-IS if titer was 2100 BU (historic)
or 240 BU (pre- or during ITI) or if the patient was nonresponsive on ITl-alone.
Results: Fifty-six children were analyzable, with median historic peak inhibitor titer
48.0 BU and followed for median 31.4 months. Overall, 35 (62.5%) achieved phase 2
success with negative inhibitor and normal FVIII recovery. The phase 2 success rate
was 95% for the 20 patients receiving ITl-alone. For the 36 patients receiving ITI-IS,
the phase 2 success rate was 44.4%, but would increase to 63.6% if the 14 patients
with historic peak inhibitor titer >100 BU (and having phase 2 success rate of only

14.3%) were excluded. One patient developed repeated infection after IS treatment.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Research and Practice in Thrombosis and Haemostasis published by Wiley Periodicals LLC on behalf of International Society on Thrombosis

and Haemostasis (ISTH).

Res Pract Thromb Haemost. 2021;5:€12562.

https://doi.org/10.1002/rth2.12562

wileyonlinelibrary.com/journal/rth2 1of 11


www.wileyonlinelibrary.com/journal/rth2
https://orcid.org/0000-0002-1421-4590
https://orcid.org/0000-0002-5273-145X
https://orcid.org/0000-0003-1641-1472
mailto:﻿
https://orcid.org/0000-0003-4030-209X
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:runhuiwu@hotmail.com

LI ET AL.

20f11 rpﬂ‘

research & practice
in thrombosis & haemostasis

<100 BU.

KEYWORDS

Essentials

Relapse occurred in 11.4% (4/35) patients with phase 2 success associated with rapid
ITI dose reduction or irregular post-ITI FVIII prophylaxis. Our strategy reduced the
cost from high-dose ITl by 74% to 90%.

Conclusion: The use of low-dose ITI with or without immunosuppressants according
to ITI prognostic risk(s) is a clinically and economically feasible strategy for eradicating

inhibitors in children with HA, particularly for those with historic peak inhibitor titer

hemophilia A, high-titer inhibitor, immune tolerance induction, low-dose, rituximab

e High-titer inhibitor with poor risk tends to be treated with high- or intermediate-dose immune tolerance induction (ITl).

e Cost is a limiting factor, allowing only low-dose ITI, which shows poor efficacy in poor-risk patients.

e Low-dose ITl-alone or with the immunosuppressant strategy we reported gave a >60% normal factor VIII recovery rate.

o This strategy reducing cost by 74% to 90% is feasible in economic constraint areas in the world.

1 | INTRODUCTION

Neutralizing antibodies (inhibitors) against factor VIII (FVIII) develop
in approximately 30% of previously untreated patients with severe
hemophilia A (SHA) exposed to FVIII, with the highest-risk period
within the first 20 exposure days.1 About 20% of children with SHA
will have a high-titer inhibitor and are in need of eradication treat-
ment.>% Inhibitors render FVIII replacement therapy ineffective,
increasing the risk of morbidity and mortality. Immune tolerance in-
duction (IT1) with repeated administration of FVIII is recommended
as the only method for inhibitor eradication and would achieve 60%
to 80% overall success rates.*”

Not all ITI regimens are equally efficacious in all patients with
inhibitors. Although the International ITI (I-ITI) study showed that
high-dose and low-dose ITI regimens had similar tolerization rates
in patients with high-titer inhibitors, those on the low-dose regimen
took longer for tolerization and had a higher bleeding rate.® Their
studied patients all had good ITI prognostic risk as ITI was not
started until the inhibitor titer had fallen to <10 BU.® Clinicians
tend to use high- and intermediate-dose ITI regimen for patients
with high-titer inhibitor with poor ITI prognostic risk(s),”” and use
low-dose ITI regimens for patients with low-titer inhibitor without
poor ITI prognostic risk.1>!! Indeed, in patients with high-titer inhib-
itors and poor ITI prognostic risk(s), the success rate of low-dose ITI
was only 26.3% to 33.0%.1%'% Some studies, however, showed von
Willebrand factor (VWF)-containing plasma-derived FVIII (pdFVIII/
VWEF) concentrates (instead of recombinant FVIII [rFVIII] products)
would improve the ITI success rate.”'**> This observation was also
supported by an animal study suggesting that VWF attenuates FVIII
memory immune response in HA mice.'® Addition of immunosup-

pressant (IS) agents to ITI regimens has also been shown to improve

the inhibitor eradication efficiency in 50% to 75% of patients who
failed ITI previously.!”8

As one of the developing countries with economic constraints,
high- and intermediate-dose ITI are unaffordable in China. We de-
veloped a low-dose ITI strategy using pdFVIII/VWEF (at lower cost
than that of recombinant products) for children with high-titer in-
hibitor, adding IS for those patients with additional predefined
poor ITI-prognostic risk(s) (see Section 2.2). In a pilot study, we saw
promising results of low-dose ITI.*® The aim of this study was to
demonstrate effectiveness of low-dose ITl in a large prospective co-

hort of patients.

2 | MATERIAL AND METHODS

2.1 | Study design and participants

This single-center prospective cohort study (ClinicalTrials.gov:
NCT03598725) was conducted at the Beijing Children’s Hospital (BCH)
Hemophilia Comprehensive Care Center in China. This study was ap-
proved by the ethics review board of BCH. Informed consent was ob-
tained from one parent or a legal guardian of each enrolled child.

A total of 74 participants meeting the eligibility criteria were
enrolled consecutively. The eligibility criteria included boys under
14 years of age with severe or moderate HA (FVIII < 0.05 IU/mL),
and inhibitor titer 210 BU at the start of ITI. Exclusion criteria in-
cluded prior inhibitor eradication attempts, use of IS to treat other
disease(s), or failure to provide informed consent.

Our center developed the treatment regimen and performed the
regular follow-up as well as inhibitor testing/monitoring. The chil-

dren carried out the treatment in the local medical units or by home
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infusion. Enrollment was between September 2016 and August

2019. Data analysis was performed in February 2021.

2.2 | Treatment regimens

All patients received domestic intermediate-purity pdFVIII/VWF
products from various Chinese manufacturers as available at local
hospitals at 50 FVIII IU/kg every other day (low-dose ITl-alone regi-
men). None of the patients required a central venous catheter. IS
(rituximab and prednisone) was added (low-dose ITI-IS regimen) in
patients with additional predefined poor ITI prognostic risk(s) as fol-
lows: (i) ITI-IS was used up front, in patients with historic peak inhibitor
titer 2100 BUY and/or inhibitor titer 40 BU at ITI initiation?; and (i)
patients on ITI alone were switched to ITI-IS if the inhibitor titer dur-
ing ITl increased to 240 BU? or if the inhibitor decline during ITI was
<20% over the first 3 months after initial peak inhibitor titer during ITI.

Rituximab dosage was 375 mg/m? (maximum 600 mg) weekly for
4 weeks. Prednisone dosage was 2 mg/kg (maximum 60 mg) daily for
1 month, then tapered over 3 months. Intravenous immunoglobulin
(IVIG) replacement therapy (200 mg/kg monthly for 6 months) was
given to patients receiving rituximab for infection prophylaxis. Once
the patient had achieved negative inhibitor plus normal FVIII recov-
ery (phase 2 success, per definition in section 2.3), the FVIII dose
would be reduced slowly to <30 IU/kg two to three times a week for
continuing prophylaxis.

Records of bleeding episodes were collected from the patient’s
bleed diary at each clinical visit. Breakthrough bleedings during ITI
when the inhibitor titer was 22 BU were treated with domestically
manufactured nonactivated prothrombin complex concentrate
(PCC) at 50 IU/kg every 8 to 12 hours or recombinant activated fac-
tor VII (rFVIla) at 90 pg/kg every 4 to 6 hours.?! Nondomestic PCC
and activated PCC are not licensed in China. pdFVIII/VWF (50 IU
FVIII/kg) was used effectively when the inhibitor titer had low-
ered to <2 BU. PCC prophylaxis (40-50 1U/kg every other day) was
used for inhibitor patients who ever had episode(s) of life-threatening
bleeding.

2.3 | Definitions of ITI outcomes
1. Success (based on response phases, as adapted from the in-
ternational ITI study)6:

a. Phase 1 success: achieving inhibitor elimination (to inhibitor
titer <0.6 BU at two consecutive visits >1 week apart).

b. Phase 2 success: achieving (a) plus normal FVIII recovery (266%
of expected) >1 month after achieving phase 1 success.

c. Phase 3 success: achieving (b) plus normal FVIII half-life
(26 hours) >1 month after achieving phase 2 success, that is,
tolerization.

2. Failure

a. Patients on any ITI regimen not achieving phase 1 success at

the time of data analysis.
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b. In patients taking ITI-IS, if at 6 months after starting rituximab,
the inhibitor titer had not declined by at least 20% or if the
absolute inhibitor titer remained 2100 BU.

3. Relapse: recurrence of inhibitor titer 21.0 BU after achieving any
of the success phases.

2.4 | Coagulation assay

FVIII clotting activity was determined using a one-stage clotting
assay. The titer of the inhibitor was measured using Nijmegen modi-
fication Bethesda titer assay.?? During ITl, inhibitor titer was initially
monitored every 1 to 2 weeks until a downward trend was evi-
dent after the initial peak from early repeated FVIII exposure, then
monthly until normal recovery was achieved, and thereafter every
3 monthly.

FVIII recovery was estimated after injection of a single dose of
pdFVIII/VWEF (50 FVIII 1U/kg) given after a 48 to 72 hours washout
period. The FVIII half-life was calculated based on the method de-
scribed by Bjorkman et al?® infusing pdFVIII/VWF (50 FVIII 1U/kg)
after a 72 hours washout period, followed by recording FVIII coag-
ulation activity at 15 to 30 minutes and 1, 9, 24, and 48 hours after
infusion.

All clotting factor and inhibitor assays including those for recov-
ery and half-life studies were performed on samples obtained at the
study center. We did not use samples transported from local centers

because of specimen quality concerns.

2.5 | Statistics

Categorical variables, expressed as frequencies and percentage val-
ues, were compared by chi-square or Fisher’s exact test. Continuous
variables, expressed as median values and ranges, were compared
by the Student’s t test (for normal distribution) or the Mann-Whitney
U test (for nonnormal distribution). Kaplan-Meier curves were com-
pared with log-rank test. The reported P value are two-sided and
value <.05 were considered to be statistically significant. All statisti-
cal analyses were performed using SPSS, version 22.0 (IBM Corp.,
Armonk, NY, USA).

3 | RESULTS

3.1 | Characteristics of patients

A total of 74 patients were screened for enrollment eligibility. Of
these, a total of 18 were excluded/withdrawn (7 declined ITl and 11
unable to follow the ITI protocol or were lost to follow-up during ITI)
causing an exclusion/dropout rate of 24.3% (Figure 1). Data from 56
patients who completed the study and followed for a median 31.4
(range, 18.6-53.3) months were analyzable. Their median age at ITI
initiation was 4.0 (range, 0.8-13.2) years, and their median historic
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FIGURE 1 Flowchart of patients enrolled in the study. *INH decreased <20% over the first 3 months after initial peak inhibitor titer
during ITI. INH, inhibitor; ITIl, immune tolerance induction; IS, immunosuppressants
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peak inhibitors titer was 48.0 (range, 10.1-416.0) BU. F8 mutations
are available in 53 patients, being null mutation (intron 22 or 1 in-
versions, large deletions, frameshift, nonsense, conserved splicing
site mutation)? in 48 (90.5%) patients, nonnull mutations (missense,
nonconserved splicing mutations)?* in 3 (5.7%) patients, and not de-
tectable in 2 (3.8%) patients (Table 1).

3.2 | ITl outcome

3.2.1 | Overall cohort
At the analysis time point, 38 of 56 (67.9%) patients achieved phase 1
success in median 9.4 (range, 2.1-25.1) months, 35 (62.5%) achieved
phase 2 success in median 11.5 (range, 3.5-29.9) months (Table 2).
Of the 35 patients who achieved phase 2 success (19 on ITl alone,
16 on ITI-IS), 24 declined FVIII half-life testing, which required 6
blood samples over 48 hours. Of the 11 (6 on ITI alone, 5 on ITI-IS)
tested, all had normal FVIII half-life (median, 7.8 hours) in median 16.1
(range, 6.2-40.2) months. This gave an “apparent” total phase 3 suc-
cess rate of only 19.6% (11/56). However, we anticipate that the “real”
overall phase 3 success rate to be rather higher had the remaining 24
patients in phase 2 success also had a FVIII half-life study done.

3.2.2 | “ITl-alone” throughout group

Twenty patients received “ITl-alone” throughout. Nineteen (95%)
achieved phase 1 success at median 6.9 (range, 2.7-24.3) months,
and all 20 achieved phase 2 success at median 9.4 (range, 4.1-25.8)
months. Six patients had FVIII half-life performed, and all achieved
phase 3 success (Table 2).

3.23 |
group)

Patients receiving low-dose “ITI-IS” (ITI-IS

Thirty-six of 56 (64.3%) patients received an ITI-IS regimen (either
up front or switched from ITl-alone), 16 of 36 (44.4%) achieved
phase 2 success in median 13.6 (range, 3.5-29.9) months.

ITI-IS up front subgroup

Twenty-four of 36 (66.7%) patients received ITI-IS up front either
for having historic peak inhibitors 2100 BU (n = 14), or for pre-ITI
inhibitor titer 240 BU (n = 10). Of these 24 patients, 11 (45.8%)
achieved phase 1 success in median 10.0 (range, 2.1-11.0) months
and 8 (33.3%) achieved phase 2 success in median 13.6 (range, 3.5-
13.6) months. Three phase 2 success patients had FVIII half-life per-

formed and all achieved phase 3 success.

ITI-IS switched from ITI-alone subgroup
Twelve of 36 (33.3%) patients were switched from ITl-alone to ITI-IS
during ITI, 9 (75%) for having a peak inhibitor titer 240 BU during ITI

sssssssssssssssssss

and in 3 (25%) because the inhibitor titer failed to decline by >20%
over the first 3 months after initial peak inhibitor titer during ITI
(Figure 1). Eight (67%) patients achieved phase 1 success at median
9.7 (range, 5.1-25.1) months, all also achieved phase 2 success in me-
dian 11.9 (range, 6.9-29.9) months (Table 2).

Influence of high historic inhibitor titer (2100 BU) on ITI success rate
The success rate of the 14 patients with a historic peak inhibitor
titer 2100 BU (all treated with ITI-IS) was very low; only 4 (28.6%)
achieved phase 1 success, and 2 (14.3%) achieved phase 2 suc-
cess. If these 14 patients were removed from the ITI-IS treatment
group, the phase 2 success rates would be increased from 62.5%
(35/56) to 78.6% (33/42) for the entire study cohort, from 44.4%
(16/36) to 63.6% (14/22) for the ITI-IS group, and from 33.3%
(8/24) to 60% (6/10) for the ITI-IS up front patient subgroup.

3.2.4 | Outcome comparison between ITI
treatment groups

The three treatment groups (ITl-alone throughout, ITI-IS up front,
ITI-1S switched groups) had significant different rates (P < .001) and
time (P = .03) to phase 2 success (Table 2). Patients receiving ITI-IS
up front took a longer time to phase 2 success than those receiv-
ing ITI alone throughout (P = .02) and those switched to ITI-IS mid-
course during ITI (P =.09) (Figure 2).

3.3 | Treated-breakthrough bleedings and
adverse events

A total of 206 treated breakthrough bleeding episodes were re-
corded in 48 of 56 (85.7%) patients during ITI. The median treated
bleeding rate in time per month was 0.33 (range, 0-1.86) during
ITI compared to 0.67 (range, 0-5.33) before ITI, representing a
significant reduction of 72.9% (P = .002). Among the 18 patients
who failed ITI, the median treated bleeding rate during ITI was
higher, at 0.53 (range, 0.09-1.86) time/month, not significantly
different from the median 0.71 (range, 0.08-2.08) time/month
before ITI.

Rituximab infusion-related side effects like rash and nausea,
which could be resolved and subsequently prevented by antihista-
mine drugs, were reported in 10 of 36 (27.8%) patients in the ITI-IS
group. Only a 1-year-old patient developed severe infection mani-
fested as continuous cough, fever, and diarrhea from the third day
to the eighth week following the first dose of rituximab, requiring
treatment with cephalosporin antibiotics.

3.4 | Relapse

Overall, 7 of the 38 patients (18.4%) who had achieved at least phase
1 success relapsed. These included all 3 who had phase 1 success
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TABLE 1 Demographics and clinical characteristics of the 56 evaluable children with hemophilia A with high-titer inhibitors treated with

low-dose ITl-alone throughout or ITI-IS regimens

Group All patients
N (%) 56 (100.0)
Hemophilia A severity, n (%)
Severe 51(91.1)
Moderate 5(8.9)
Number of patients tested F8 mutations, n (%) 53
Null mutation’ 48(90.5)
Nonnull mutation’ 3(5.7)
No mutation detectable 2(3.8)
Estimated exposure days at inhibitor diagnosis, 28.0(5.0-200.0,
median (range, IQR) 15.0-50.0)
Age at inhibitor diagnosis, yr, median (range, IQR) 2.5(0.5-11.0,
1.3-5.3)
Age at ITl initiation, yr, median (range, IQR) 4.0(0.8-13.2,
2.5-6.7)
Time interval between inhibitor diagnosis and ITI 11.6 (0-75.0,
initiation, mo, median (range, IQR) 1.0-29.5)
Historic peak inhibitor, BU, median (range, IQR) 48.0(10.1-416.0,
23.1-98.4)

Pre-ITl inhibitor titer, BU, median (range, IQR)

30.1(10.1-416.0,

16.8-63.5)
Peak inhibitor during ITI, BU, median (range, IQR) 49.3 (6.0-665.0,
15.2-126.3)
Monthly bleeding rate
Pre-ITI, median (range, IQR) 0.67 (0-5.33,
0.42-1.42)
During ITI, median (range, IQR) 0.33(0-1.86,
0.13-0.52)

Note: p-value: comparison between ITl-alone vs ITI-IS.

ITI-IS group

ITI-alone throughout ITI-IS up front ITI-IS switched from
group subgroup ITI-alone subgroup

20 (35.7) 24 (42.9) 12 (21.4)

19 (95.0) 22(91.7) 10 (83.3)

1(5.0) 2(8.3) 2(16.7)

20 23 10

16 (80.0) 23 (100) 9(90.0)

2(10.0) 0 1(10.0)

2(10.0) 0 0
30.0(10.0-117.0, 22.5(5.0-200.0, 24.5 (8.0-200.0,
18.0-50.0) 11.8-46.0) 16.5-53.8)

2.9(0.6-7.9,1.7-5.4) 1.9 (0.5-11.0, 2.7(1.2-9.1, 2.1-5.3)
1.1-5.3)
3.8(0.8-13.2,2.4-7.2) 4.6(0.8-12.1, 3.7 (2.2-11.9, 2.7-7.5)
1.9-6.7)
6.5 (0-75.0, 0.4-30.3) 14.0 (0-56.0, 5.0 (0-61.0, 2.6-20.8)
1.3-31.8)
23.8(10.1-75.0, 101.3 (47.4- 29.7 (15.7-64.0,
17.2-37.3) 416.0, 21.5-37.8)
71.5-208.0)
16.0(10.1-33.8, 73.1(25.3-416.0, 21.6(10.3-35.8,
10.9-23.2) 48.2-193.0) 16.2-31.9)
10.9 (6.0-38.1, 125.8 (18.4- 60.8 (27.8-275.2,
8.2-17.2) 665.0, 39.7-109.0)
76.8-258.6)
0.67 (0.25-5.33, 0.75(0.10-2.50, 0.88 (0-5.00,
0.44-1.46) 0.46-1.00) 0.21-2.88)
0.32(0-1.50, 0.48 (0-1.86, 0.21 (0-0.66,
0.08-0.43) 0.22-0.75) 0.08-0.47)

Abbreviations: BU, Bethesda Unit; IQR, Inter-Quartile Range; IS, immunosuppressants; ITl, immune tolerance induction.

*Intron 22 or 1 inversions, large deletions, frameshift, nonsense, and conserved splicing mutations.; **Missense, nonconserved splicing mutations.

only, and 4 of 35 (11.4%) who achieved at least phase 2 success (in-

cluding 2 of the 11 [18.2%] in phase 3 success).

341 |
1 success

For the patients who achieved only phase

continued to have low-titer inhibitor over 10.4 months at the time

of data analysis.

3.4.2 |
2 success

For the patients achieving at least phase

Three children in the “ITI-IS up front” subgroup relapsed, with their
inhibitor titer increasing to 1.0 to 2.0 BU. One relapsed at 11 months
into the post-ITI FVIII prophylaxis phase while infusing FVIII irregu-
larly. He reestablished phase 1 success upon strict adherence to the
FVIII prophylaxis regimen. The other two relapsed 6 months after
completing ITI-IS. Each was given one additional rituximab dose
(375 mg/mz). One achieved phase 2 success again, while the other

Following at least phase 2 success, while in the FVIII prophylaxis
phase, relapse occurred in 3 of the 19 children in the ITl-alone group
(respectively, at 2.3, 4.2, and 7.9 months after phase 2 success) and
1 of 16 in the ITI-IS group (at 36.6 months after phase 2 success).
These 4 relapses included 2 of the 6 children already in phase 3 suc-
cess following treatment with ITl-alone. One of the four relapses

were attributed to taking FVIIl irregularly, two when FVIII dose was
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FIGURE 2 Time to phase 2 success by treatment group. Kaplan-
Meier plot shows the time to phase 2 success (FVIII recovery 266%
of expected). The time to phase 2 success was significant different
among the three treatment groups (P = 0.03). ITI, immune tolerance
induction; IS, immunosuppressants

reduced rapidly from 50 to 30 IU/kg over a 2-month period, while
the fourth occurred after receiving four vaccinations over a 2-week
period. All four children reestablished phase 2 success upon repeat-

ing the original ITl regimen followed by FVIII prophylaxis.

3.5 | Cost and consumption analysis

Average consumption cost (per kg body weight) was calculated
based on the median number of treatment doses consumed to
achieve phase 2 success. This included the cost of FVIII and rituxi-
mab for ITIl, PCC for treatment of breakthrough bleed, and IVIG for
infection prevention in IS patients. The average cost (per kilogram of
body weight) was ¥19 600.2 (US$2985.1) for the ITl-alone through-
out group, and ¥29 763.7 (US$4533.0) for the ITI-IS group (Table 3).
Among the expenditure, pdFVIII/VWF accounted for 93.8% to
98.5% of the cost, rituximab for 3.8%, and PCC for breakthrough
bleeding treatment for 1.5% to 1.7%. Not factored into the cost cal-
culation was prednisone (for IS, very inexpensive in China) as well
as the rare prophylactic use of PCC (in very few patients with in-
consequential average cost spread out to the whole patient cohort).

I,25 our cost for the

Compared to the expenditure for high-dose IT
ITl-alone group was lower by 82.8% (when using domestic pdFVIII/
VWEF) to 90.5% (if using rFVIIl). For the ITI-IS group, our cost was
lower by 73.8% (when using domestic pdFVIII/VWF) to 85.5% (if

using rFVIII) (Table 3).

4 | DISCUSSION

In this study, we determined the efficacy of low-dose ITI when
VWEF-containing pdFVIII alone or with IS was used in Chinese chil-
dren with hemophilia A with high-titer inhibitor and having imme-
diate pre-ITl inhibitor titer 210 BU. Low-dose ITl-alone without IS
was used for patients with historic peak inhibitor titer <100 BU and
immediate pre-ITl titer of 10 to 40 BU. ITI-IS was used instead if the

historic peak inhibitor titer was 2100 BU and/or the immediate pre-
ITI titer 240 BU. Patients originally on ITI-alone would be switched
to ITI-IS should the peak inhibitor titer during ITI rose to 240 BU or if
the titer during ITI did not decline by 20% within the first 3 months
after initial peak inhibitor titer during ITI.

Of all analyzable patients, the rate of phase 2 success (achiev-
ing negative inhibitor and normal FVIII recovery) was 62.5% (35/56).
This was lower than the 74.2% (49/66) of patients achieving the
equivalent phase 1/phase 2 successes in the I-ITI study.6 This may
not be surprising given that we included patients with historic inhibi-
tor titer 2200 BU and pre-ITl inhibitor titer 210 BU, both considered
exclusion criteria in the I-ITI study.® The median historic peak inhib-
itor titer in our patients was 48 BU as opposed to 22 BU in the I-ITI
study. That historic peak inhibitor titer may influence the success
rate has been previously reported‘19’26 This is also evident in our own
study, in that those with the titer 2100 BU had poorer outcome even
if ITI-IS was used up front. Excluding the 14 patients with historic
peak inhibitor titer 2100 BU would have improved the phase 2 suc-
cess rate (from 44.4% to 63.6% for patients in the ITI-IS group and
from 62.5% to 78.6% for the whole cohort).

In our study, the median 13.6 months taken for patients having
higher ITI prognostic risk and treated with ITI-IS to achieve phase
2 success was similar to that for patients with lower ITI prognostic
risk in the low-dose arm of the I-ITI study (not using 1S).> Our whole
cohort even took slightly shorter time (11.5 months). Thus, our low-
dose ITI strategy did improve the outcome of patients with higher
ITI-prognostic risk(s). The median time to phase 2 success using the
ITI-IS regimen (13.6 months) was, however, longer than that using
the ITl-alone regimen (9.4 months), reflecting the fact that those
treated with ITI-IS had higher ITI prognostic risk.

One major limitation of this study is that only 11 of the 35 pa-
tients achieving phase 2 success consented to have FVIII half-life
evaluation. The reality in China is that these multiple blood sampling
over 48 hours represent an out-of-pocket cost burden to the fam-
ily with economic constraints. In addition to the test cost, many of
our patients lived a distance away from Beijing. There was therefore
an added cost for transportation and accommodation in Beijing (eg,
hotel), plus up to 2 days away from work for the parent(s). The ap-
parent rate of phase 3 success (tolerization with normal FVIII half-life
>6 hours) was therefore quite low, being 11 of 56 (19.6%). However,
we contend that the real rate of phase 3 success would have been
higher. All 11 patients with phase 2 success when tested had normal
FVII half-life, suggesting that a good proportion of the remaining
24 phase 2 successes would likely also have a normal FVIII half-life
if they were also tested, increasing the real rate of phase 3 success.
Obviously, without testing, we cannot assume any of our phase 2
success patients to have achieved immune tolerance. Another lim-
itation is the relatively high exclusion/withdrawal rate of 24.3% (18
patients) (Figure 1). Of these 18 patients, 5 were excluded because
they could not afford the considerable out-of-pocket cost (beyond
medical insurance) for ITI (that included cost of concentrates/blood
products, medications, and monitoring tests), and therefore declined
to start, 8 were withdrawn because they had problems financing the
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TABLE 3 Cost of different ITI protocols (per kilogram of body weight) from ITl initiation to phase 2 success (inhibitor titer <0.6 BU, FVIII

recovery 266% expected)

Low-dose ITl alone
ITI regimen (FVIII IU/kg) 50/QOD
Median time to phase 2 success, mo 9.4
Cost of FVIIl concentrate per ITl course  ¥19 299.4 (US$2939.3)
Mean bleeds/mo 0.32
PCC dose (IU/kg) x n doses per bleed 50.0 x 2 doses

¥300.8 (US$45.8)

Cost of IS per ITI course -

Cost of PCC per ITI course

Cost of IVIG (infection prophylaxis) -
during 6 months after starting
rituximab

Total cost per kg per ITI course ¥19 600.2 (US$2985.1)

Low-dose ITI-IS High-dose ITI (pdFVIII/  High-dose ITI
(rituximab) VWE) (rfEVII)
50/QOD 100/Q12h 100/Q12h
13.6 6.9 6.9
¥27922.5(US$4252.6)  ¥113332.5 ¥205 677.5

(US$17260.5)

(US$31 324.7)

0.37 0.28 0.28

50.0 x 2 doses 85.0 x 2 doses® 85.0 x 2 doses?®

¥503.2 (US$76.6) ¥328.4 (US$50.0) ¥328.4 (US$50.0)

¥1050.0 (US$159.9) - -

¥288.0 (US$43.9) = -

¥29 763.7 (US$4533.0) ¥113 660.9 ¥206 005.9
(US$17 310.6) (US$31 374.7)

Note: Cost calculation algorithm reference to our pilot study®® and based on median number of treatment doses (n) up until phase 2 success
(including FVIII, rituximab, PCC for treatment of breakthrough bleeds) x Unit or milligram(s) cost x Units per kilogram per dose. Cost calculation
of IVIG was based on 6 months use dosage (mg/kilogram body-weight) x cost/milligram. Not included are: the cost of (i) rFVlla (for breakthrough
bleeds treatment) and (ii) PCC (for bleed prophylaxis) both used only in very few patients with inconsequential average cost for the groups, and (iii)
prednisone (for IS) which is inexpensive in China with inconsequential cost.

Abbreviations: IS, immunosuppressants; ITl, immune tolerance induction; IVIG, intravenous immunoglobulin; PCC, prothrombin complex concentrate;
pdFVIII/VWEF, plasma derived FVIII/von Willebrand factor; rFVIII, recombinant FVIII.

ITI program continuously, leading to ITI interruption (n = 7) or ir-
regular dosing (n = 1). In China, medical insurance coverage rates
vary in different regions depending on their economic development.
Patients in economically less developed regions had problems af-
fording even low-dose ITI.

The risk of relapse following ITI success ranged between 0%
and 12.5% according to a 2013 analysis on cohort studies and reg-
isters.?’” Relapse was reported as =15% (15-year follow-up) in the
North American Immune Tolerance registry,28 6.8% (9.1-year fol-
low-up) in the Grifols ITI study,?’ and 13.0% (1-year follow-up) in the
I-ITI study.® Our cohort follow-up for a median 2.8 years, having a
comparable overall relapse rate of 11.4% in those achieving phase
2 success. However, our relapse rate of 18.2% in the 11 patients
with proven phase 3 success was higher. This might likely be a con-
sequence of the limited sample size. Given that many of the phase 2
successes would potentially have phase 3 success were they tested
for FVIII half-life (as indicated earlier), we speculate that the overall
relapse rate for “real” phase 3 success could be lower. Of note is
that the relapse rate of our patients with phase 2 success on ITI-IS
was quite low, at 6.3%, compared to that of the IS-containing regi-
mens reported from the United Kingdom (3/6 or 50%) and by Antun
et al?® (4/5 or 80%). Among our proven phase 3 successes, two re-
lapses occurred in the six treated with Tl alone, but no relapse in the
five treated with IS. However, the numbers are too small to make a
statement on the relative outcome merit of IS. Some of our relapses
occurred as the FVIII dosage was rapidly decreased or infusions
were interrupted, suggesting that rapid reduction in ITI dose or non-
adherence with regular infusions represented risk for relapse. The
guidelines from the United Kingdom emphasized that FVIII tapering

should be attempted in patients with poor ITI prognostic risk until
the FVIII half-life is >7 hours, and dose reduction should then be
undertaken cautiously.10

The cost of our low-dose ITI regimen until phase 2 success was
74% to 90% lower than that for high-dose ITI®?° and confirms the
finding in our earlier pilot economic study.3° This low-dose ITI alone
or with IS strategy is affordable for children with HA with high-titer
inhibitor in China with economic constraint, and by extension also in
other regions with developing economies.

There are other limitations in the studies, in addition to the small
number of patients having half-life studies to confirm toleration, dis-
cussed earlier. In many patients, the baseline treatment data before
we started their ITlI were acquired retrospectively from their local
referral centers or verbally from the parents; the latter also may have
the problem of recall bias. FVIII recovery studies were usually de-
layed after the inhibitor titer had become negative, given that these
patients are mostly from out of town at a long distance, making the
apparent time to achieve phase 2 success longer than real. Our sam-

ple size is limited, especially for relapse evaluation.

5 | CONCLUSION

In conclusion, our strategy to stratify treatment with low-dose ITI-
alone and low-dose ITI-IS according to their ITI prognostic risk(s)
was safe, with satisfactory efficacy rate in inhibitor elimination in
children with hemophilia A with high-titer inhibitors. The efficacy
was particularly good for those with historic peak inhibitor titer
<100 BU. Compared to the expenditure for high-dose ITI, our cost
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was lower by 90% for patients with lower ITI prognostic risk in the
ITl-alone group and by 74% for the patients with higher ITI prognos-
tic risk in the ITI-IS group. This will be a much more affordable ITI

regimen for China and other regions with economic constraint.

ACKNOWLEDGMENTS

We thank the patients and their parents for participating in this study.
We thank professor H. Marijke van den Berg from the Department
of Health Sciences and Epidemiology, the University Medical Center
of Utrecht, and PedNet Haemophilia Research Foundation for her
input and guidance on study design and data analysis and for her
critical review of the manuscript.

AUTHOR CONTRIBUTIONS

RW contributed to the study design and preparation of the manu-
script; ZL wrote the manuscript and analyzed the data; ZC, GL, and
XC reviewed the article; WY and KH performed the research; XW,
GL, and YZ performed literature searches. SC provided data analysis.
M-CP provided input on study design and data analysis as well as
critical and detailed revision of the manuscript. All of the authors
had full access to the data and participated in the design of the anal-

ysis, discussion of results, and revising the draft manuscript.

RELATIONSHIP DISCLOSURE

The authors declare no conflicts or bias of interest.

ORCID
Zekun Li
Zhenping Chen

https://orcid.org/0000-0002-1421-4590
https://orcid.org/0000-0002-5273-145X

https://orcid.org/0000-0003-1641-1472

https://orcid.org/0000-0003-4030-209X

Kun Huang
Runhui Wu

REFERENCES

1. Srivastava A, Santagostino E, Dougall A, et al. WFH guidelines for
the management of hemophilia. Haemophilia. 2020;26(Suppl 6):
1-158.

2. vanden Berg HM, Hashemi SM, Fischer K, et al. Increased inhibitor
incidence in severe haemophilia A since 1990 attributable to more
low titre inhibitors. Thromb Haemost. 2016;115(4):729-737.

3. van den Berg HM, Mancuso ME, Konigs C, et al. ITI treatment is
not first-choice treatment in children with hemophilia A and low-
responding inhibitors: evidence from a PedNet study. Thromb
Haemost. 2020;120(8):1166-1172.

4. Lenk H, Group ITTS. The German Registry of immune tolerance
treatment in hemophilia-1999 update. Haematologica. 2000;85(10
Suppl):45-47.

5. Dimichele D. Inhibitors: resolving diagnostic and therapeutic dilem-
mas. Haemophilia. 2002;8(3):280-287.

6. Hay CR, DiMichele DM, International Immune Tolerance S. The
principal results of the International Immune Tolerance Study: a
randomized dose comparison. Blood. 2012;119(6):1335-1344.

7. Ettingshausen CE, Kreuz W. The immune tolerance induction (ITI)
dose debate: does the International ITI Study provide a clearer pic-
ture? Haemophilia. 2013;19(Suppl 1):12-17.

8. Collins PW, Chalmers E, Hart DP, et al. Diagnosis and treat-
ment of factor VIII and IX inhibitors in congenital haemophilia:

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

UK Haemophilia Centre Doctors Organization. Br J Haematol.
2013;160(2):153-170.

Coppola A, Di Minno MN, Santagostino E. Optimizing management
of immune tolerance induction in patients with severe haemo-
philia A and inhibitors: towards evidence-based approaches. Br J
Haematol. 2010;150(5):515-528.

Collins P, Chalmers E, Alamelu J, et al. First-line immune tolerance
induction for children with severe haemophilia A: a protocol from
the UK Haemophilia Centre Doctors’ Organisation Inhibitor and
Paediatric Working Parties. Haemophilia. 2017;23(5):654-659.
Carcao M, Escuriola-Ettingshausen C, Santagostino E, et al. The
changing face of immune tolerance induction in haemophilia A with
the advent of emicizumab. Haemophilia. 2019;25(4):676-684.
Unuvar A, Kavakli K, Baytan B, et al. Low-dose immune tolerance
induction for paediatric haemophilia patients with factor VIl inhib-
itors. Haemophilia. 2008;14(2):315-322.

Zulfikar B, Koc B, Ozdemir N. Low-dose immune tolerance induc-
tion in hemophilia: a single-center experience. J Pediatr Hematol
Oncol. 2019;41(6):e355-e358.

Kreuz W, Escuriola Ettingshausen C, Vdovin V, et al. First prospec-
tive report on immune tolerance in poor risk haemophilia A inhibitor
patients with a single factor VIII/von Willebrand factor concentrate
in an observational immune tolerance induction study. Haemophilia.
2016;22(1):87-95.

DiMichele DM, Hoots WK, Pipe SW, Rivard GE, Santagostino E.
International workshop on immune tolerance induction: consensus
recommendations. Haemophilia. 2007;13(Suppl 1):1-22.

Chen J, Schroeder JA, Luo X, Shi Q. The impact of von Willebrand
factor on factor VIII memory immune responses. Blood Adv.
2017;1(19):1565-1574.

Carcao M, St Louis J, Poon MC, et al. Rituximab for congenital hae-
mophiliacs with inhibitors: a Canadian experience. Haemophilia.
2006;12(1):7-18.

Collins PW, Mathias M, Hanley J, et al. Rituximab and immune
tolerance in severe hemophilia A: a consecutive national cohort.
J Thromb Haemost. 2009;7(5):787-794.

Rivard GE, Rothschild C, Toll T, Achilles K. Immune tolerance in-
duction in haemophilia A patients with inhibitors by treatment with
recombinant factor VIII: a retrospective non-interventional study.
Haemophilia. 2013;19(3):449-455.

Ter Avest PC, Fischer K, Gouw SC, Van Dijk K, Mauser-Bunschoten
EP. Successful low dose immune tolerance induction in severe hae-
mophilia A with inhibitors below 40 Bethesda Units. Haemophilia.
2010;16(102):71-79.

Nakar C, Shapiro A. Hemophilia A with inhibitor: immune tol-
erance induction (ITI) in the mirror of time. Transfus Apher Sci.
2019;58(5):578-589.

Verbruggen B, Novakova |, Wessels H, Boezeman J, van den Berg
M, Mauser-Bunschoten E. The Nijmegen modification of the
Bethesda assay for factor VIII:C inhibitors: improved specificity and
reliability. Thromb Haemost. 1995;73(2):247-251.

Bjorkman S. Limited blood sampling for pharmacokinetic dose
tailoring of FVIII in the prophylactic treatment of haemophilia A.
Haemophilia. 2010;16(4):597-605.

Gouw SC, van den Berg HM, Oldenburg J, et al. F8 gene mu-
tation type and inhibitor development in patients with severe
hemophilia A: systematic review and meta-analysis. Blood.
2012;119(12):2922-2934.

Kenet G, Oladapo A, Epstein JD, Thompson C, Novack A, Nugent
DJ. Estimating the potential cost of a high dose immune tolerance
induction (ITl) therapy relative to the cost of a combined ther-
apy of a low dose ITI therapy with bypassing agent prophylaxis.
Haemophilia. 2017;23(5):e394-e402.

Oldenburg J, Schwaab R, Brackmann HH. Induction of immune tol-
erance in haemophilia A inhibitor patients by the ‘Bonn Protocol”


https://orcid.org/0000-0002-1421-4590
https://orcid.org/0000-0002-1421-4590
https://orcid.org/0000-0002-5273-145X
https://orcid.org/0000-0002-5273-145X
https://orcid.org/0000-0003-1641-1472
https://orcid.org/0000-0003-1641-1472
https://orcid.org/0000-0003-4030-209X
https://orcid.org/0000-0003-4030-209X

LI ET AL.

27.

28.

29.

30.

predictive parameter for therapy duration and outcome. Vox Sang.
1999;77(Suppl 1):49-54.

Di Minno G, Coppola A. Management of patients with long-term in-
hibitors: is immune tolerance an underestimated life-long solution?
Haemophilia. 2013;19(Suppl 1):18-23.

Mariani G, Kroner B, Immune Tolerance Study Group. Immune tol-
erance in hemophilia with factor VIII inhibitors: predictors of suc-
cess. Haematologica. 2001;86(11):1186-1193.

Jimenez-Yuste V, Oldenburg J, Rangarajan S, Peiro-Jordan R,
Santagostino E. Long-term outcome of haemophilia A patients
after successful immune tolerance induction therapy using a sin-
gle plasma-derived FVIII/VWF product: the long-term ITI study.
Haemophilia. 2016;22(6):859-865.

Li Z, Chen Z, Cheng X, et al. Low-dose immune tolerance induction
for children with hemophilia A with poor-risk high-titer inhibitors: a
pilot study in China. Res Pract Thromb Haemost. 2019;3(4):741-748.

rpﬂ‘ 110f 11

esearch & practice
in thrombosis & haemostasis

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.
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